Introduction
Bone remodeling, defined as the coupled formation and resorption by cellular activities on the bone surfaces, has been investigated through both experimental and computational approaches. The computational mechanics approach allows one to test the influence of mechanical factors sequentially on bone remodeling, isolating the influence of these factors from their complex coupling with biological influences. Theoretical modeling and computational simulations of bone remodeling were developed for cortical and cancellous bone as a continuum ͓1,2͔, and could successfully predict changes in the external shape and apparent density of bone. However, it has been recognized that anisotropic modeling and simulations are essential for evaluating local mechanical stimuli at the microstructural level, which affect the cellular activities in the bone remodeling process ͓3,4͔.
Anisotropic continuum models have been proposed to describe the evolution of both apparent bone density and the orientation of trabecular architecture by using the fabric tensor ͓5͔, the anisotropic stiffness tensor ͓6͔, and the lattice continuum model ͓7͔. Even though the anisotropy is not explicitly considered in the rate equation, the osteocyte-regulated bone-remodeling theory ͓8,9͔ could predict the emergence of the anisotropic trabecular microstructure. Furthermore, the direct simulation method of trabecular surface remodeling has been proposed using a boundary element method ͓10,11͔ and a pixel/voxel finite element method ͓12͔.
For the prediction of three-dimensional trabecular structural changes caused by remodeling, detailed modeling of the complex trabecular microstructure is essential. Digital-image-based voxel models of cancellous bone with high resolutions, which can be obtained by X-ray CT scanning ͓13͔, enable modeling and stress analysis ͓14,15͔ of the trabecular microstructure. In addition, this voxel finite element modeling technique is a useful tool for predicting microstructural changes in cancellous bone caused by remodeling; for example, structural changes in the case of osteoporosis were predicted by solving the evolution of bone relative density as a continuum ͓16͔. However, since trabecular remodeling is due to cellular activities on the trabecular surface ͓17͔, the morphological changes due to surface movement by remodeling should be directly modeled and simulated at the trabecular level.
The purpose of this study is to propose a simulation method for three-dimensional trabecular surface remodeling by using the microstructural voxel finite element modeling technique. First, a rate equation for trabecular surface remodeling ͓12͔, based on the local uniform stress hypothesis ͓18͔, is applied to voxel finite element models of cancellous bone. Second, to investigate the basic features of the proposed simulation method, remodeling simulations are conducted for single trabeculae under compressive loading. Third, a remodeling simulation is carried out for a cancellous bone cube under compressive loading and is compared with an in vivo experiment ͓4͔.
Methods

Voxel Simulation Method for Trabecular Surface Remodeling.
A voxel finite element model of trabeculae ͓14,15,19,20͔ can be reconstructed from digital images such as those obtained by CT scanning ͓13,21͔, and used to represent the trabecular architecture in detail. This technique enabled the direct estimation of the stress and strain at the trabecular level that regulate cellular activities in bone remodeling. In this study, a model of trabecular surface remodeling, which was proposed to express morphological changes in the trabeculae as a local stress regulation process ͓12͔, is applied to the three-dimensional microstruc-tural voxel finite element models of cancellous bone. Using this voxel-based modeling technique, trabecular surface remodeling is simulated by the following procedures.
1 The initial shape of the trabecular architecture is discretized using voxel finite elements in a three-dimensional volume. The trabecular bone is assumed to be a homogeneous and isotropic elastic material with Young's modulus Eϭ5.33 GPa and Poisson's ratio ϭ0.3 ͓22͔; the marrow was considered to be a cavity and was excluded.
2 The stress in the trabecular elements is analyzed under the given boundary conditions by a large-scale finite element method termed the element-by-element preconditioned conjugate gradient ͑EBE/PCG͒ method ͓15,23͔ with diagonal scaling.
3 For all trabecular surface elements, the driving force of remodeling ⌫ at x c ,
is calculated to express the nonuniformity of the scalar function of the mechanical stimulus in space. In this equation, c is at x c and d is determined by averaging r (x r ) at neighboring point x r as
in which S denotes the trabecular surface and lϭ͉x r Ϫx c ͉, as shown in Fig. 1͑a͒ . The weight function w(l) takes a nonzero positive value at the neighboring point within the sensing distance l L ; as a simple case,
The rate of surface movement Ṁ is determined by substituting the evaluated value of ⌫ into the function shown in Fig. 1͑b͒ , in which the parameters ⌫ l and ⌫ u are the threshold values of remodeling. With the progress of remodeling, the nonuniformity of the surface stress becomes small, that is, ͉⌫͉ approaches zero. As a result, the probability of remodeling also approaches zero, which represents the lazy zone of remodeling around the equilibrium state ͓24,25͔. Thus, morphological changes are accomplished by the removal/addition of the voxel element from/to the trabecular surface.
5 If a remodeling equilibrium is not attained, return to procedure ͑2͒, in which equilibrium is attained when the number of voxel elements under resorption/formation and the change in bone volume fraction become sufficiently small.
Procedures ͑2͒-͑5͒ are one step of the simulation. In this paper, the equivalent stress is used as the scalar function of the stress as the mechanical stimulus. Other positive scalar functions that act as mechanical stimuli, such as the strain energy density, are also applicable in this theory, and similar results in bone structure at the equilibrium state can be expected ͓12,18͔. 
Voxel Modeling of Trabeculae
Single Trabecular Model. Referring to the basic trabecular structures as introduced by Frost ͓26͔, the simulation of trabecular surface remodeling was conducted for single trabeculae with characteristic shapes Z, Y, and X under compressive load, as shown in Fig. 2 . The initial diameter of the trabecula was set to 100 m, referring to the trabecular thickness (Tb.Th) measured by CT scanning of cancellous bone, approximately 100 m ͓4͔, and the total volume for the analysis was a 1 ϫa 2 ϫa 3 ϭ700ϫ700 ϫ500 m 3 . This region was discretized into voxel elements at a resolution of 10 m, and represented by 70ϫ70ϫ50ϭ245,000 voxel elements of which 11,664 ͑Model Z͒, 7492 ͑Model Y͒, and 10,984 ͑Model X͒ represented the trabecular bone elements.
Uniform displacement U 3 (Ͻ0) was controlled at every simulation step on the upper plane at X 3 ϭ500 m to apply the apparent stress 3 ϭF 3 /a 1 a 2 ϭϪ1.0 MPa, where F 3 (Ͻ0) is the total force applied on the plane, and the lower plane was fixed at X 3 ϭ0. The apparent strain in the X 3 direction was defined as 3 ϭU 3 /a 3 . The sensing distance l L in the weight function w(l) was set to 250 m, equal to the length of 25 voxel elements, and the threshold values of remodeling were set to ⌫ u ϭ0.1 and ⌫ l ϭ Ϫ0.2. These model parameters have to be determined through comparison with experimental observations ͓27͔.
Digital-Image-Based Model of Cancellous Bone.
The experimental observation of the trabecular bone adaptation adjacent to porous-coated platen implants embedded within canine distal femoral metaphyses has been reported by Guldberg and Goldstein and co-workers ͓4,28͔. In the present study, adaptive changes of the trabecular bone architecture underneath the platen of 6 mm diameter were simulated and compared with the experimental results. A digital-image-based model of a cancellous bone cube, a ϭ5 mm on each side, was obtained from canine distal femoral metaphyses based on three-dimensionally reconstructed CT data, as shown in Fig. 3͑a͒ . The voxel element size was 25 m, the same as the resolution of the CT data, and thus the total volume contained 200 3 ϭ8 million voxel elements in which approximately 2.3 million elements were trabecular bone elements. The structural indices of the trabecular architecture ͓13͔ and the fabric ellipsoid of the trabecular architecture ͓29͔ could be directly calculated from the binarized three-dimensional data. Fig. 3 Changes of three-dimensional architecture of cancellous bone cube and fabric ellipsoid; X 1 -X 3 cross section and fabric ellipse, due to trabecular surface remodeling under compressive loading: "a… initial voxel finite element model "200Ã200Ã200 voxel elements… based on CT digital image obtained from canine distal femur, "b… 10th step, "c… 20th step, and "d… 50th step
As boundary conditions, uniform displacement U 3 (Ͻ0) was controlled at every simulation step on the upper plane at X 3 ϭ5.0 mm to apply the apparent stress 3 ϭF 3 /a 2 ϭϪ1.24 MPa referring to the experimental value ͓4͔, as shown in Fig. 3͑a͒ , where F 3 (Ͻ0) is the total force applied on the plane and 3 ϭU 3 /a is defined as the apparent strain in the X 3 direction. On the other five planes, shear-free boundary conditions were applied, that is, the displacements perpendicular to the plane were fixed. The sensing distance l L in the weight function w(l) was set to 500 m, equal to the length of 20 voxel elements, and the threshold values of remodeling were set to ⌫ u ϭ4.0 and ⌫ l ϭϪ5.0. These model parameters should be determined through comparison with experimental observations ͓27͔.
Results
At Single Trabecular Level.
The progress in morphological changes of trabeculae and regulation of the equivalent stress distribution on the trabecular surface due to remodeling under compressive load are shown in Fig. 2 for Models Z, Y, and X at the initial, 8th, 20th, and 50th steps.
For Model Z, as shown in Fig. 2͑a͒ , the stress concentrates on the inner surface of the acute angles in the middle trabecula subject to bending the initial step. The surface near both ends of the middle trabecula with higher equivalent stress is activated to form new bone, while that with lower stress starts resorbing. The stress distribution on the trabecular surface is gradually regulated to become uniform. Then, the trabecula reorients to align along the loading direction, and reaches its equilibrium shape at around the 50th step. The trabeculae at the top and bottom of the model are subject to low stress, and therefore these trabeculae disappear in the early steps.
For Model Y, as shown in Fig. 2͑b͒ , the stress in the lower single trabecula is higher than that in the upper two trabeculae, so that the lower trabecula increases in diameter though formation. The surface at the upper corners of the branches resorbs, whereas that at the lower corners grows due to the nonuniformity of stress. The two upper trabeculae remodel and grow closer to each other. The original Y shape becomes a V shape, and finally the remodeling reaches an equilibrium state at around the 50th step before the upper trabeculae fuse together due to the existence of the lazy zone around the remodeling equilibrium.
For Model X, as shown in Fig. 2͑c͒ , the upper and lower corners of the intersection region have lower stress, and both the right-and left-hand corners have higher stress. The remodeling around the intersection region is more active than that observed in the branching region of Model Y due to the higher degree of nonuniformity of the stress. As the remodeling progresses, the original X shape becomes an H shape, and the horizontal trabecula between the two vertical trabeculae becomes thinner. Finally, the H-shaped trabecula becomes two parallel trabeculae at the remodeling equilibrium at around the 50th step.
In all models, the stress nonuniformity was reduced on the trabecular surface, and the trabeculae changed their morphology to align along the loading direction. Moreover, the trabecular bone volume decreased as a result of remodeling under compressive load, however, the apparent stiffness, defined as 3 / 3 , increased through the early stages of remodeling, and then reached a constant.
Cancellous Bone Level.
Morphological changes in the trabecular architecture of a cancellous bone cube due to remodeling under compressive loading at the 10th, 20th, and 50th steps are represented in Figs. 3͑b͒-͑d͒, in which fabric ellipsoids of the three-dimensional architecture and fabric ellipses of the X 1 -X 3 cross section show the development of trabecular anisotropy. The initial morphology shown in Fig. 3͑a͒ adapted to the applied compressive load by resorption and formation on the trabecular surface to reduce the nonuniformity of the stress. Degrees of anisotropy, defined as H 1 /H 3 where H i (H 1 уH 2 уH 3 ) is the principal values of the fabric ellipsoid, increased from 1.33 ͑initial͒ to 1.39 ͑50th step͒ upon aligning the trabecular architecture along the compressive loading axis; this can be observed in the rotation of the principal direction of the fabric ellipsoid from Fig. 3͑a͒ to 3͑d͒. The preferential loss of horizontal trabeculae, indicated by open rectangles in the cross-sectional image in Fig. 3 , and the preservation and increase in thickness of vertically oriented trabe- Changes in structural indices are plotted in Figs. 4͑a͒-͑d͒. The indices were measured using voxel finite elements at every simulation step for the center core cube of 4.0ϫ4.0ϫ4.0 mm 3 from the whole volume of 5.0ϫ5.0ϫ5.0 mm 3 to eliminate numerical errors adjacent to the boundary. As a result of remodeling, a decrease of 21.2 percent for the bone volume fraction (BV/TV), a 19.3 percent decrease in the trabecular thickness (Tb.Th), and a 2.2 percent decrease in the trabecular number (Tb.N) were found at the 50th step compared with the initial values, which resulted in a 10.0 percent increase in the trabecular separation (Tb.Sp). The increase in Tb.Sp is because the resorption of the horizontal trabeculae is more remarkable than the formation of the vertical trabeculae. The angle ⌰ i3 between the principal directions n i of the fabric ellipsoid and the loading axis X 3 changed upon the reorientation of the trabecular architecture, as shown in Fig. 4͑e͒ . The angle ⌰ 13 monotonically decreased from 73.6 deg toward zero; in contrast, ⌰ 23 and ⌰ 33 increased toward 90 deg. These changes in the structural indices and angles indicate that the trabecular orientation changes to align along the compressive axis X 3 , that exhibits adaptive remodeling to support uniaxial compressive load.
In this simulation, the initial digital-image-based model was produced referring to the control trabecular bone cube from the contralateral side in the experiment ͓4͔, and the simulation results were compared with the experimental one within the same animal. The structural indices for the control and experimental bones for one canine and the simulation results are listed in Table 1 . In the simulation, the trabecular bone volume fraction (BV/TV) and the angle ⌰ 13 of the principal axis of the trabecular architecture decreased, and the trabecular separation (Tb.Sp) increased by remodeling under compressive load. These results coincide qualitatively with experimental observations, in which changes in BV/TV, ⌰ 13 , and Tb.Sp were statistically significant compared with the control data in the experiment. The trabecular number (Tb.N) slightly decreased, while that in the experiment significantly decreased. For the trabecular thickness (Tb.Th), the simulation result showed a decrease by remodeling; however, in the experiment, Tb.Th did not show significant change.
The apparent stiffness of the core cube of 4.0ϫ4.0ϫ4.0 mm 3 in the direction of three orthogonal axes X 1 , X 2 , and X 3 were numerically measured by uniaxial compression testing at each simulation step. Applied boundary conditions were similar to those in the remodeling simulation, that is, uniform displacement was applied on the upper surface and other surfaces were fixed under share-free conditions. Changes in the apparent stiffness i / i in the direction of coordinate axes X i are plotted in Fig. 4͑f͒ . In the compressive loading direction in the remodeling simulation, the X 3 direction, the apparent stiffness 3 / 3 gradually increased by 29.4 percent; however, both 1 / 1 and 2 / 2 in the direction perpendicular to the loading axis decreased by about 60 percent due to remodeling. Thus, remodeling resulted in functional changes in the trabecular architecture and increases in the degree of anisotropy in the mechanical properties. Even though the average bone volume fraction decreased by remodeling, as shown in Fig. 4͑a͒ , the stiffness as a structure was increased by remodeling, demonstrating the adaptive response in order to support compressive load through the reorganization of the trabecular architecture.
Discussion
The remodeling simulation at the trabecular level, as shown in Fig. 2 , demonstrated smooth morphological changes and the regulation of the nonuniform stress distribution on the trabecular surface toward uniform distribution, even though the trabeculae are modeled as an assemblage of voxel elements. Thus, the potential of the proposed simulation method using voxel finite element models is demonstrated as a technique for representing the morphological changes of trabeculae due to trabecular surface remodeling. The accuracy of the voxel finite element analysis discussed by Guldberg et al. ͓30͔ could be applicable; that is, average solution errors are moderate in the context that the proposed remodeling rate equation uses the integral form of the stress in determining the driving force of remodeling. In addition, the accuracy of voxel imaging of the trabeculae is an important issue with respect to the digital-image-based voxel modeling discussed by Laib and Ruegsegger ͓31͔.
As a result of remodeling, each trabecula rotated toward the compressive loading direction in order to support the load, and the apparent stiffness against the load increased. In general, a reduction in bone mass is responsible for a decrease in the stiffness as a structure; however, even though the trabecular bone volume decreased, the apparent stiffness as a structure increased, through the reorganization of the trabeculae aligned along the compressive loading axis. These results, obtained under the assumption of the uniform stress hypothesis, could be understood as a functional adaptation by remodeling to the applied mechanical load.
The change in the trabecular shape in the remodeling process shown in Fig. 2͑c͒ is similar to the result obtained by seeking for the reference value of the remodeling stimulus using the boundary element method by Sadegh et al. ͓10͔ and Luo et al. ͓11͔ . However, it should be noted that the simulated remodeling process described in this article shows significant history dependence, because the remodeling rate is determined by using only a local mechanical stimulus, without any global stresses prescribed a priori, such as goal or optimal stresses.
The basic concept of introducing the weighting function w(l) to express the decaying influence is from the similar approach by Mullender et al. ͓8͔ . The use of the integral form in Eq. ͑2͒ takes into account the existence of the sensory network system ͓32͔ between multiple cells at neighboring points. The expression of Eq. ͑2͒ using a weighting function w(l) could be extended to consider the nonuniformity of the stress in the trabeculae by integrating over the volume element dV for the case in which the role of the osteocyte ͓3͔ is taken into account.
Driven by the nonuniformity of the stress, the adaptive reorganization of the trabecular architecture by remodeling was smoothly simulated, as shown in Figs. 3 and 4 , and a uniform stress distribution was achieved, using digital-image-based voxel finite element models. The apparent stiffness in the compressive loading axis increased with reorganizing the trabecular architecture and with increasing the degree of anisotropy, although the volume fraction decreased. This result implies that remodeling under the assumption of the uniform stress hypothesis ͓18͔ revealed the functional adaptive response of the bone as a loadbearing structure. Thus, these results demonstrate that the proposed simulation method for trabecular surface remodeling using voxel finite element models is applicable to the simulation of the functional adaptation phenomenon in cancellous bone.
Compared with a similar bone adaptation model for predicting changes in the three-dimensional trabecular morphology using voxel-based trabecular bone models ͓16͔, in which the evolution of the bone relative density was solved as a continuum, the proposed simulation of trabecular surface remodeling has the potential to express the change in the trabecular structure directly by Table 1 Structural indices and principal direction of trabecular architecture for control, experiment, and simulation: Control cancellous bone cube is from the contralateral side in the experiment, and used as the initial model in the simulation.
solving the trabecular surface movement. The surface movement by remodeling at the trabecular level was directly expressed by removing/adding the voxel elements from/to the trabecular surface. Quantitative comparison of the changes in the trabecular structure with the experimental observations that are obtained under a controlled mechanical environment would enable us to develop more detailed models. In addition, the reorientation of the trabeculae to correspond to the principal loading direction is a good illustration of the model developed by Cowin et al. ͓5͔ in which a fabric tensor is used.
The discrepancy between experiment and simulation results is because the comparison in Table 1 is made for only one set of canine data, and another simulation with a different initial trabecular structure is expected to yield qualitatively the same results. To develop models that can predict the details of the remodeling phenomenon, the model parameters ⌫ u , ⌫ l , and l L have to be quantitatively determined through comparison with experimental observations for multiple specimens. However, to date, because of the difficulty in observing the changes in trabecular architecture under a controlled mechanical environment in vivo, only a small number of remodeling experiments ͓4,28,33͔ have been performed to obtain quantitative results with respect to how bone remodeling is controlled by the mechanical environment.
The choice of model parameters is an important issue in the simulation. In the previous article ͓27͔, the characteristics of the model parameters, ⌫ u , ⌫ l , and l L in the rate equation of trabecular surface remodeling were studied. The parameter set of ⌫ u and ⌫ l represents the remodeling rate sensitivity in time to the mechanical stimuli around the remodeling equilibrium, and the parameter l L represents the area where the cells can sense the mechanical stimuli, that is, the sensitivity to the stress nonuniformity in space. From the in vitro experiment of observing the propagation of the calcium signaling wave to the neighboring cells ͓34͔, the sensing distance l L can be estimated to be a few hundred m. Thus, in the simulation, l L was set to 100 m for a single trabecula, and 500 m for a cancellous bone cube with rough discretization. The trabecular remodeling thresholds, ⌫ u and ⌫ l , need not be equal, because formation and resorption are different events. When they are set to be equal, resorption becomes more dominant, and therefore ͉⌫ l ͉ was set to be larger, in this study, to control the change in total bone volume. We believe that this set of model parameters can be extended to express an unbalanced remodeling process like that of osteoporosis-type bone resorption. From these points of view, the model parameters used in the simulation were for one of the case studies for which qualitative results could be obtained; at this stage, this is the limitation of the proposed simulation method.
One of the noteworthy features of the proposed simulation method is the capability to handle a large-scale three-dimensional voxel model with a regular finite element mesh for complex trabecular architecture. This offers many practical advantages, such as enabling us to create voxel finite element models based on digital images such as those obtained by CT scanning, and a variety of cancellous bone could be analyzed using images obtained from in vivo experiments. In addition, this simulation method could be utilized as a tool to visualize, in a computer, the morphological change of trabecular architecture by remodeling. Thus, this technique is useful for achieving further clarification of the trabecular bone-remodeling phenomenon by observing microscopic structural changes directly using the proposed simulation.
Furthermore, the application of this simulation method to bone tissue engineering would be an exciting challenge, that is, its application to the optimal design of biomaterial scaffolds for the regeneration of bone tissue ͓35͔. Combined with a sophisticated bone microstructure measurement system such as CT scanning, the proposed method has the potential to be applied in designing scaffold topology and pore geometry through a process that considers bone mechanical properties, fluid diffusion through scaffold pores, deformation to control biological cellular activities, degradation of biomaterial scaffold, and new bone ingrowth/formation as a bone-scaffold system.
